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Nontrivial topology of Dirac (DSMs), Weyl (WSMs) and nodal line semimetals (NLSMs) are
delineated by the novel band crossings near the Fermi level in the bulk and the appearance of
exotic surface states. Among them, nodal line semimetals have gained immense interest due to
the formation of one-dimensional nodal ring near the Fermi level. Using density funtional theory
(DFT) calculations, we report that two dimensional (2D) NLSM phase can be hosted on hydrogen
passivated (010) surface of gallium (gallenene) and on other group 13 elements, without inclusion
of spin-orbit coupling (SOC). NLSM in these 2D systems is protected by the presence of crystalline
(CS) along with inversion (IS) and the time reversal symmetry (TRS). In the presence of SOC,
aluminane preserved its topological NLSM phase while in other single-layered group 13 elements, a
gap opened at the nodal point due to relatively stronger SOC effect. On applying tensile strain along
with the inclusion of SOC, hydrogen passivated gallenene (gallenane) evolves into quantum spin Hall
insulator with an indirect bandgap of 28 meV. The appearance of long range dissipationless linearly
dispersive helical edge states and a large gap in gallenane make it promising for room temperature
spintronics applications.
I. INTRODUCTION
The herald of two dimensional (2D) and three
dimensional (3D) topological insulators (TI)1–5
have paved new areas of research in topological
science. These insulating phases of matter have
a gapless edge (2D) or surface (3D) states, pro-
tected by the nontrivial topological behaviour
of the bulk wavefunction. In recent times topo-
logical semimetals (TSMs)6–14 namely, DSMs,
WSMs and NLSMs have attracted more at-
tention due to their exotic behaviour of bulk
as well as surface states. DSMs and WSMs
have zero dimensional node having four-fold and
two-fold band degeneracies, respectively in the
bulk together with topologically protected arc-
like surface states.15–17 Beyond two-fold and
four-fold degeneracies, fermionic systems hav-
ing three, six and eight fold degeneracies have
also been identified recently.18,19 In NLSMs,
one-dimensional band crossings give rise to a
continuous closed loop, called nodal ring, which
is protected by the mirror symmetry in ad-
dition to TRS and IS.20,21 Investigating the
non-trivial topology of these gapless materials
in 2D systems has become one of the most
exciting frontiers of research, due to possible
applications in nano-electronic devices such as
photodetector,22 field-effect transistor,23 topo-
logical quantum computers.24 Two dimentional
NLSMs have been predicted in several sys-
tems such as in B2C,
25 C9N4,
26 square and
Honeycomb-Kagome lattice,27,28 X2Y (X = Ca,
Sr, and Ba; Y = As, Sb, and Bi).29 In most
of the cases, NLSMs are observed only when
SOC is not considered whereas with the inclu-
sion of SOC, NLSMs either become strong TI30
or evolve to a stable Dirac point.14
Recently, it was shown theoretically that 2D
borophene (a group 13 element) exhibited ex-
otic topological behaviour (DSM) when pas-
sivated completely by hydrogen.31 Gallenene,
the 2D counterpart of bulk gallium (also a
group 13 element), was synthesized very re-
cently and its electronic properties were studied
from first-principles calculations.32 The study
revealed highly dispersive bands with partially-
filled Dirac cones. The potential applications
of gallenene in electrical connector and thermal
barrier in devices was also proposed. However,
its topological properties have not been studied
yet. Therefore, we have investigated topologi-
cal features of 2D hydrogenated forms of heav-
ier group 13 elements such as aluminium, gal-
lium, indium and thallium. All of them exhibit
NLSM phase when SOC is neglected, which is
protected by mirror symmetry along with TRS
and IS. We find that NLSMs exist in alumi-
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2nane even in the presence of SOC, whereas in
all other hydrogenated 2D structures, a small
gap is observed at the nodal points due to rela-
tively stronger SOC strength. Interestingly, we
have found that gallenane evolves into quantum
spin Hall (QSH) insulator or 2D TI with a indi-
rect gap of 28 meV under uniaxial tensile strain
of −2.6% along a-direction. The large disper-
sive helical egde states of gallenane separates it
from other QSH insulator which can be used for
quantum transport.
II. METHODOLOGY
First-principles calculations were performed
using the density functional theory (DFT), im-
plemented in the Vienna ab initio simulation
package (VASP)33 code. The projector aug-
mented wave (PAW)34 potentials were used
to describe the ion-electron interactions. The
exchange-correlation effects were approximated
by Perdew-Burke-Ernzerhof (PBE) functional
under the generalized gradient approximation
(GGA).35 An energy cut-off of 500 eV was
used to expand the wavefunctions in a plane
wave basis. A Γ-centered 15×15×1 Monkhorst-
Pack36 K-point grid was used to sample the
Brillouin zone. The structures were optimized
by employing a conjugate gradient scheme un-
til each component of Hellmann-Feynman forces
on the atoms were less than 0.005 eV/A˚. Spin-
orbit coupling was also included for the rela-
tivistic effects. The Bloch spectral functions
and Fermi surfaces were calculated using iter-
ative Green’s function method37 by using tight-
binding Hamiltonian from the maximally lo-
calized Wannier functions (MLWFs),38 imple-
mented in the WannierTools package.39 These
MLWFs were generated from wannier90 code.40
III. RESULTS AND DISCUSSION
α-Gallium is the most stable phase among
the all existing bulk phases. It exists in the
space group Cmce (D182h, No-64). Its exfolia-
tion was carried out along (010) and (100) direc-
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FIG. 1. shows (a) top and (b) side view of gal-
lenane (c) phonon bandstructure of gallenane and
(d) rectangular Brillouin zone with high-symmetric
path.
tions, however, the metal-covalent mixed inter-
actions in (010) layer implied that this layer is
more stable than the (100) gallium layer, which
is also observed experimentally.32 Without hy-
drogen passivation, gallenene shows metallic na-
ture and has no interesting topological proper-
ties. However hydrogen passivated gallenene,
we called it as gallenane, exhibits NLSM in the
absence of SOC. Fig.1 (a) shows the top view of
gallenane and the black dash line represents the
primitive cell, containing four Ga-atom and four
H-atom. It has two layers as shown in Fig.1 (b)
and belongs to space group Pbcm or P2/b 21/c
21/m (D
11
2h No-57). These layers can be seen as
a puckered trigonal gallium network with each
gallium atom bonded with one hydrogen atom.
This structure is characterized by two angles,
θ1 and θ2 and three M−M bond lengths along
with buckling height as shown in Fig.1 (a) and
(b). For gallenane, θ1 is 62.97
◦, θ2 is 75.37◦ and
three M−M bond lengths are dM1−M2 = 2.71 A˚,
dM2−M3 = 2.83 A˚, dM2−M4 = 2.71 A˚, with buck-
ling height d = 1.3 A˚. The lattice parameters of
gallenane are, a = 4.55 A˚ and b = 4.77 A˚. Struc-
tural information of other 2D analogous group
13 elements are provided in supporting informa-
tion. The dynamical stability of all systems are
verified by phonon calculations. Fig.1 (c) shows
the phonon dispersion of gallenane which does
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FIG. 2. describes (a) orbital resolved band-
structure of gallenane without inclusion of SOC
(b) nodal-line semimetal in 3D view (c) drum head
state with black circle representing two nodal points
in the bulk as NP1, NP2 and (d) projection of gap
spectral function of nodal ring on k-plane
not contain any imaginary frequencies, signifies
that our system is dynamically stable. Fig.1 (d)
display the rectangular brillouin-zone with high
symmetric points.
Electronic band structure of gallenane com-
puted in the absence of SOC as shown in the
Fig.2(a) with Fermi-level is set to zero. Along
Y-Γ, two bands are crossing linearly at 54 meV
above and 21 meV below the Fermi-energy,
forming a doubly-degenerate (Weyl) NLSM.
These bands are mostly contributed from Gal-
lium s and p orbitals. The nontrivial topology
in gallenane can be examined by bulk-boundary
correspondence (BBC) principles, which says
that (d-1)-dimensional edge state is protected
by topology of d-dimensional bulk. The drum-
head in the BBC state is the main signa-
ture of nontrivial topology in NLSM.41 Direct
evaluation of BBC states using DFT calcula-
tion is computationally very expensive. There-
fore, to examine the topological nodal states,
we have calculated the band structure for gal-
lenane, based on the tight-binding model con-
structed by maximally localized Wannier func-
tions method. Fig.2 (b) show the NLSM in
three dimensional view where the gap in the
bulk at the Fermi level closes along a loop. Us-
ing the iterative Green’s function method, we
have computed a momentum-dependent surface
Green function (SGF) for a semi-infinite system
with edge along x-direction.39 The edge spectral
function can be calculated from imaginary part
of SGF as:
A(k‖, ω) = − 1
pi
lim
η→0+
ImTrGs(k‖, ω + iη)
where, the SGF is given by Gs(k‖, ω + iη) '
(ω−εsn)−1. Drum head state shown in Fig.2 (c),
which comprises of bright yellow line connecting
two nodal point (marked as black cirle). Fig.2
(d) showing the gap spectral function contains
two closed loop due to the two-fold rotational
symmetry.
Symmetry plays an important role in pre-
serving topological phases, like in DSMs, Dirac
node is protected by TRS and IS whereas in
WSMs, Weyl node is protected if TRS or IS
is broken. Moreover some extra degeneracies
in electronic band structures could arise due to
nonsymmorphic symmetries42 . Nonsymmor-
phic symmetries {g|t} are characterized by a
point group operation g with a fractional trans-
lation t of Bravais lattice vector. Our system is
a centro-symmetric non-magnetic system there-
fore it preserves both TRS and IS. In addition
to that, this system have a b-glide represented
by {Mx|b/2}(x, y, z) = (-x, y+1/2, z), a c-glide
represented by {My|c/2} = (x, y, z) = (x, -y,
z+1/2) and a mirror Mz(x, y, z) = (x, y, -z).
Also there exist three screw axes, which are mu-
tually orthogonal to each other. The edges on
kx = pi and ky = pi planes where two glide opera-
tions with glide plane orthogonal to each other
anticommute. Therefore, all bands along the
edges of brillouin zone are doubly degenerate as
shown in X-S and S-Y path in Fig.2 (a). Now
along Y-Γ, kz = 0 and kx = 0 planes intersect
each other to form a nodal line. Since kz = 0 is a
mirror plane and the two bands near the Fermi-
level have opposite mirror eigenvalue, the band
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FIG. 3. shows (a) orbital resolved band structure of
gallenane in the presence of SOC and (b) evolution
of nodal gap under tensile strain along a-direction
inversion gives rise to NLSM along Y-Γ and that
can be characterized by pi Berry phase.
With the inclusion of SOC, bands become
doubly degenerate along all high symmetry
path, as shown in Fig.3 (a). A tiny gap of
22 meV is induced in gallenane, but Fermi
level crosses the conduction band by 2 meV
as shown in zoomed Fig.3 (a). To study the
quantum spin Hall (QSH) insulating phase, it
is required that Fermi level should lie within
the gap. For that we applied both tensile and
compressive uniaxial and biaxial external strain
on gallenane. Under the tensile strain of −2.6%
along a-direction, gallenane opened an indirect
gap of 28 meV, with Fermi level lying in be-
tween the gap. Fig.3 (b) shows the variation of
gap at the nodal point with respect to external
strain.
The full orbital-resolved band structure of
gallenane at −2.6% strain along a-direction is
shown in Fig.4 (a). Along Y-Γ, a band inver-
sion occurs between the px and pz orbitals of
gallium. This strained gallenane is also found
to be dynamically stable, as evident from the
phonon bandstructure shown in Fig.4 (b). Non-
trivial topology of gallenane at −2.6% tensile
strain is confirmed by computing Z2 topological
invariant under the evolution of wannier center
of charges (WCCs). We have taken (100) direc-
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FIG. 4. showing (a) electronic band structure of
gallenane under tensile strain of −2.6% along a-
direction and its (b) phonon dispersion (c) (100)
projection to evaluate edge states and (d) edge
states of QSH insulator gallenane
tion to compute edge state as shown in Fig.4
(c). Helical edge state in BBC as shown in
Fig.4(d) assured that gallenane is a QSH insula-
tor under the tensile strain. These helical edge
states are robust against non-magnetic disorder.
The range of linear dispersion in the helical egde
state of gallenane is of the order of 1 eV. Such
a large dispersion in this potentially exfoliable
gallenane monolayer may be efficient candidate
for quantum transport.
The electronic bandstructures for other group
13 analogues of gallenane are shown in the sup-
plementary information (Fig. S2 - S4). All
of them exhibit a nodal ring consisting of two
nodal points (NP1 and NP2) near the Fermi
level like gallenane. While the position of NP1
moves up with respect to the Fermi level, that
of NP2 shifts down, as we go from aluminane to
thalinane. The gaps at NP1 and NP2 for all of
these structures are tabulated in Table S2, cal-
culated with and without the inclusion of SOC.
From Table S2, we can infer that the gaps at
NP1 and NP2 decrease on going from alumi-
nane to thalinane when SOC is not included.
However, the trend is reversed when the effect
of SOC is included in the bandstructure calcula-
5tions. While the two gaps at NP1 and NP2 close
under SOC. It could be ascribed to the promi-
nent relativistic effects in the heavier elements
,i.e., gallium, indium and thallium. Therefore,
aluminane, once experimetntally realized, can
be utilized in new electronic devices like topo-
logical current rectifier.43
IV. CONCLUSION
In conclusion, we have theoretically predicted
NLSMs in the 2D structures of heavier group
13 elements i.e. aluminane, gallenane, indinane
and thalinane in the absence of SOC. Symme-
try analysis implies that NLSM state is pre-
served due to the mirror symmetry along with
TRS and IS. Presence of drumhead in the BBC
states guarantee the bulk nontrivial topology in
gallenane. With the inclusion of SOC, a very
small gap is opened in gallenane, indinane and
thalinane due to the strong SOC effects. How-
ever, aluminane still preserved its topological
NLSM behaviour in the presence of SOC. With
the tensile strain of−2.6% along the a-direction,
a QSH insulating state is observed in gallenane.
Large QSH insulating gap in gallenane assured
that, it could be used in room temperature
applications as low-power electronic and spin-
tronic devices.
ACKNOWLEDGMENTS
We acknowledge Materials Research Center
(MRC), Solid State Structural and Chemistry
Unit (SSCU) and Supercomputer Education
and Research Center (SERC), Indian Institute
of Science for providing the computational fa-
cilities.
∗ Corresponding Author: abhishek@iisc.ac.in
1 C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95,
226801 (2005).
2 B. A. Bernevig, T. L. Hughes, and S.-C. Zhang,
Science 314, 1757 (2006).
3 L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev.
Lett. 98, 106803 (2007).
4 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys.
82, 3045 (2010).
5 J. E. Moore, Nature 464, 194 (2010).
6 X. Wan, A. M. Turner, A. Vishwanath, and
S. Y. Savrasov, Phys. Rev. B 83, 205101 (2011).
7 G. Xu, H. Weng, Z. Wang, X. Dai, and Z. Fang,
Phys. Rev. Lett. 107, 186806 (2011).
8 A. A. Burkov, M. D. Hook, and L. Balents,
Phys. Rev. B 84, 235126 (2011).
9 A. A. Burkov and L. Balents, Phys. Rev. Lett.
107, 127205 (2011).
10 C. Fang, M. J. Gilbert, X. Dai, and B. A.
Bernevig, Phys. Rev. Lett. 108, 266802 (2012).
11 P. Hosur, S. A. Parameswaran, and A. Vish-
wanath, Phys. Rev. Lett. 108, 046602 (2012).
12 S. M. Young, S. Zaheer, J. C. Y. Teo, C. L. Kane,
E. J. Mele, and A. M. Rappe, Phys. Rev. Lett.
108, 140405 (2012).
13 S. Borisenko, Q. Gibson, D. Evtushinsky,
V. Zabolotnyy, B. Bu¨chner, and R. J. Cava,
Phys. Rev. Lett. 113, 027603 (2014).
14 R. Yu, H. Weng, Z. Fang, X. Dai, and X. Hu,
Phys. Rev. Lett. 115, 036807 (2015).
15 Y. Sun, S.-C. Wu, and B. Yan, Phys. Rev. B
92, 115428 (2015).
16 I. Belopolski, S.-Y. Xu, D. S. Sanchez, G. Chang,
C. Guo, M. Neupane, H. Zheng, C.-C. Lee, S.-
M. Huang, G. Bian, N. Alidoust, T.-R. Chang,
B. Wang, X. Zhang, A. Bansil, H.-T. Jeng,
H. Lin, S. Jia, and M. Z. Hasan, Phys. Rev.
Lett. 116, 066802 (2016).
17 M. Kargarian, M. Randeria, and Y.-
M. Lu, Proceedings of the National
Academy of Sciences 113, 8648 (2016),
http://www.pnas.org/content/113/31/8648.full.pdf.
18 R. K. Barik, R. Shinde, and A. K. Singh, Jour-
nal of Physics: Condensed Matter 30, 375702
(2018).
19 B. Bradlyn, J. Cano, Z. Wang, M. G. Vergniory,
C. Felser, R. J. Cava, and B. A. Bernevig, Sci-
ence 353 (2016), 10.1126/science.aaf5037.
20 R. Wang, J. Z. Zhao, Y. J. Jin, Y. P. Du, Y. X.
Zhao, H. Xu, and S. Y. Tong, Phys. Rev. B 97,
241111 (2018).
621 Y.-H. Chan, C.-K. Chiu, M. Y. Chou, and A. P.
Schnyder, Phys. Rev. B 93, 205132 (2016).
22 Y. Yan, Z.-M. Liao, X. Ke, G. Van Tendeloo,
Q. Wang, D. Sun, W. Yao, S. Zhou, L. Zhang,
H.-C. Wu, et al., Nano Lett. 14, 4389 (2014).
23 W. G. Vandenberghe and M. V. Fischetti, in
Electron Devices Meeting (IEDM), 2014 IEEE
International (IEEE, 2014) pp. 33–4.
24 L. Kou, Y. Ma, Z. Sun, T. Heine, and C. Chen,
The journal of physical chemistry letters 8, 1905
(2017).
25 P. Zhou, Z. S. Ma, and L. Z. Sun, “Open type
nodal line topological semimetal in two dimen-
sional b2c,” (2017), arXiv:1710.05144.
26 H. Chen, S. Zhang, W. Jiang, C. Zhang, H. Guo,
Z. Liu, Z. Wang, F. Liu, and X. Niu, J. Mater.
Chem. A 6, 11252 (2018).
27 J.-L. Lu, W. Luo, X.-Y. Li, S.-Q. Yang, J.-X.
Cao, X.-G. Gong, and H.-J. Xiang, Chinese
Physics Letters 34, 057302 (2017).
28 J.-M. Hou, Phys. Rev. Lett. 111, 130403 (2013).
29 C. Niu, P. M. Buhl, G. Bihlmayer, D. Wortmann,
Y. Dai, S. Blu¨gel, and Y. Mokrousov, Phys. Rev.
B 95, 235138 (2017).
30 Q. Xu, R. Yu, Z. Fang, X. Dai, and H. Weng,
Phys. Rev. B 95, 045136 (2017).
31 M. Martinez-Canales, T. R. Galeev, A. I.
Boldyrev, and C. J. Pickard, Phys. Rev. B 96,
195442 (2017).
32 V. Kochat, A. Samanta, Y. Zhang, S. Bhowmick,
P. Manimunda, S. A. S. Asif, A. S. Stender,
R. Vajtai, A. K. Singh, C. S. Tiwary, and P. M.
Ajayan, Science Advances 4 (2018), 10.1126/sci-
adv.1701373.
33 G. Kresse and J. Hafner, Phys. Rev. B 47, 558
(1993).
34 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758
(1999).
35 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys.
Rev. Lett. 77, 3865 (1996).
36 H. J. Monkhorst and J. D. Pack, Phys. Rev. B
13, 5188 (1976).
37 M. P. L. Sancho, J. M. L. Sancho, J. M. L. San-
cho, and J. Rubio, Journal of Physics F: Metal
Physics 15, 851 (1985).
38 A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee,
I. Souza, D. Vanderbilt, and N. Marzari, Com-
put. Phys. Commun. 185, 2309 (2014).
39 Q. Wu, S. Zhang, H.-F. Song, M. Troyer, and
A. A. Soluyanov, Computer Physics Communi-
cations 224, 405 (2018).
40 A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza,
D. Vanderbilt, and N. Marzari, Computer
physics communications 178, 685 (2008).
41 G. Bian, T.-R. Chang, H. Zheng, S. Velury, S.-Y.
Xu, T. Neupert, C.-K. Chiu, S.-M. Huang, D. S.
Sanchez, I. Belopolski, N. Alidoust, P.-J. Chen,
G. Chang, A. Bansil, H.-T. Jeng, H. Lin, and
M. Z. Hasan, Phys. Rev. B 93, 121113 (2016).
42 S. M. Young and C. L. Kane, Phys. Rev. Lett.
115, 126803 (2015).
43 W. Rui, Y. Zhao, and A. P. Schnyder, Physical
Review B 97, 161113 (2018).
Topological phases in hydrogenated gallenene and in its
group elements
Ranjan Kumar Barik, Ritesh Kumar, and Abhishek K. Singh∗
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1 Crystal structure of gallenane analogous group 13 elements
Aluminane, indinane and thalinane are the analogous group 13 elements of gallenane. All these 2D struc-
tures have orthorhombic space group Pbcm. The structural informations of all these systems are given in
Table-S1. The M−M bond lengths in aluminane and indinane are same, however thalinane has larger M−M
bond lengths as shown in Table-S1, coulmn 6−9. The interactions between two metal sites are lesser in
thalinane as compared to that in aluminane and indinane. Also, hydrogen interacts more with aluminane and
indinane as compared to thalinane as shown in Table-S1, coulmn 10. Dynamical stability of all structures
are verified by the phonon bandstructures as shown in Fig-S1.
Table S1: Structural parameters of hydrogenated group 13 monolayers
M a (A˚) b (A˚) θ1 (◦) θ2 (◦) dM1−M2
(A˚)
dM2−M3
(A˚)
dM2−M4
(A˚)
dGa−H
(A˚)
Al 4.50 4.72 61.74 86.77 2.75 2.82 2.74 1.59
In 4.50 4.72 61.74 86.77 2.75 2.82 2.74 1.59
Tl 5.44 5.70 74.69 77.15 3.26 3.89 3.14 1.78
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Figure S1: Phonon bandstructures of (a) aluminane (b) indinane (c) thalinane
Table S2: Gaps at nodal points in the bandstructures of hydrogenated group 13 monolayers
M ∆ENP1 (PBE)
[meV]
∆ENP1 (PBE-
SOC) [meV]
∆ENP2 (PBE)
[meV]
∆ENP2 (PBE-
SOC) [meV]
Al 25.0 10.1 7.8 6.7
In 5.4 75.5 2.3 80.4
Tl 0.9 77.5 1.8 141.8
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Figure S2: Electronic bandstructures of aluminane calculated under (a) PBE and (b) PBE with SOC func-
tional.
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Figure S3: Electronic bandstructures of indinane calculated under (a) PBE and (b) PBE with SOC func-
tional.
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Figure S4: Electronic bandstructures of thalinane calculated under (a) PBE and (b) PBE with SOC func-
tional.
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